(19) 



(12) 




Europalsches Patentamt 
European Patent Office 
Office europeen des brevets 



(id EP 0 569 174 B1 

EUROPEAN PATENT SPECIFICATION 



(45) Date of publicatbn and mention 
of the grant of the patent: 
31.07.1996 Bulletin 1996/31 



(51) intCIA H01S 3/06, H01S 3/106, 
G02B6/16 



(21) Application number: 93303227.8 

(22) Date of filing: 26.04.1993 



(54) Article comprising an optical fiber laser 
Optischen Faserlaser enthattender Artikel 
Article comprenant un laser a fibre optique 



(84) Designated Contracting States: 
DE FR GB 

(30) Priority: 05.05.1992 US 878791 

(43) Date of publication of application: 
10.11.1993 Bulletin 1993/45 

(73) Proprietor AT&T Corp. 

New York, NY 10013-2412 (US) 

(72) Inventors: 

• Dlgiovannl, David John 
Montclalr, NJ 07042 (US) 

• Mizrahi, Victor 

Bedminster, New Jersey 07921 (US) 

• Zysklnd, John Lehrer 
Shrewsbury, New Jersey 07702 (US) 

(74) Representative: 

Watts, Christopher Malcolm Kelway, Dr. et a I 

Lucent Technologies (UK) Ltd, 

5 Mornington Road 

Woodlord Green Essex, IG8 0TU (GB) 



m 



G) 
CD 
LO 

O 

CL 
UJ 



(56) References cited: 
US-A- 4 093-338 

• ELECTRONICS LETTERS, vol. 24, no. 1, 7 
January 1 988, STEVEN AG E GB pages 24 - 26 1.M. 
JAUNCEY ET AL. 'Single-longitudinal-mode 
operation of an Nd3+ doped fibre laser' 

• OPTICS LETTERS, vol. 17, no. 6, 15 March 1992, 
New York.US;pages 420 - 422, G. A. BALL et al.: 

n Continuously tunable single-mode erbium fiber 
laser 11 

• OPTICAL FIBER COMMUNICATION 
CONFERENCE. 1992 TECHNICAL DIGEST 
SERIES vol. 5, 2 February 1992, WASHINGTON, 
DC, US page 97 G.A. BALL ET AL. 
Narrow-linewidth fiber laser with integrated 
master oscillator power amplifier (Paper WA3)' 

• ELECTRONICS LETTERS. vol. 28, no. 15, 16 July 
1 992, STEVENAGE GB pages 1 385 - 1 387 J.L 
ZYSKIND ET AL. 'Short single frequency 
erbium-doped fibre laser' 

Remarks: 



The file contains technical information submitted 
after the application was filed and not included in this 
specification 



Note: Within nine months from the publication ol the mention of the grant of the European patent, any person may give 
notice to the European Patent Office of opposition to the European patent granted. Notice of opposition shall be filed in 
a written reasoned statement. It shall not be deemed to have been filed until the opposition fee has been paid. (Art. 
99(1) European Patent Convention). 



Printed by Jouve, 75001 PARIS (FR) 



IPGI 005104 



EP 0 569 174 B1 



Description 

Field of the Invention 

5 The invention relates to optica! fiber lasers, and more particularly, to rare-earth-doped optical fiber lasers in which 

the optical cavity is at least partially defined by one or more distributed Bragg reflectors formed in the optical fiber. 

Art Background 

10 An optical fiber laser generally includes an optically active cavity defined in an optical fiber, and reflective means 

for partially confining electromagnetic radiation within the cavity By "optically active" is meant that at least a portion of 
the cavity is doped with a distribution of ions or atoms capable of exhibiting stimulated emission at the desired laser 
wavelength, when pumped by electromagnetic radiation at a (generally shorter) pump wavelength or range of pump 
wavelengths. In siiica-based optical fibers (i.e.. optical fibers having a core which comprises at least 80% silicon diox- 

is ide), useful dopants for this purpose are rare-earth ions such as Er+ 3 . The reflective means are conveniently provided 
in the form of at least one, and more typically two, distributed Bragg reflectors (DBRs). DBRs are exemplar! fy created 
by exposing an optical fiber having at least some photosensitivity to ultraviolet radiation of an effective wavelength for 
producing refractive index changes in the fiber. A periodic pattern is imposed on the impinging radiation by, e.g., su- 
perimposing a pair of beams of substantially monochromatic radiation to create an interference pattern. When such a 

20 patterned radiation field impinges on an optical fiber of the appropriate photosensitivity, a corresponding pattern is 
imposed on the core of the fiber in the form of periodic (or quasiperiodic) fluctuations in the core refractive index. A 
technique for creating such reflectors is described in U.S. Patent No. 4,725, 110. issued to W. H. Glenn, et al. on February 
16, 1988, and U.S. Patent No. 4,807,950, issued to W.H. Glenn, et al. on February 28, 1989. An optical filter which 
comprises a Bragg grating formed in an optical fiber is described in U.S. Patent No. 5,007,705, issued to W.W. Morey, 

25 etal. on April 16, 1991. 

Each DBR functions as a wavelength-selective reflector having a reflectance curve (as a function ol wavelength) 
having at least one well-defined peak. The precise wavelength of operation of the laser is determined, at least in part, 
by the relationship between the modal structure of the cavity and the reflectance curve. That is, for the laser to exhibit 
gain at a given wavelength (under appropriate stimulation), the given wavelength must not only fall within a reflectance 

30 peak, but must also correspond to a Fabry-Perot resonance (i.e., a mode) of the laser cavity. 

As is well-known in the art, the spacing between wavelengths corresponding to successive modes increases as 
the length of the cavity decreases. As a consequence, reducing the cavity length may tend to confine the laser gain 
to a few modes, or even a single mode. This can result in a laser which has high mode stability. Mode stability is 
advantageous when, e.g., a source of laser radiation of a precisely defined wavelength is desired. 

35 However, a substantial amount of gain can be preserved in a shortened cavity only by concomitantly increasing 

the doping level. The doping level cannot be increased indefinitely. One limitation on the doping level is the tendency 
of dopant ions, such as erbium ions, to aggregate at high concentrations, a phenomenon sometimes referred to as 
"clustering". Clustering has been associated with parasitic deactivation effects which reduce the efficiency of the laser. 
We have discovered that, quite surprisingly, a doping level sufficient to impart useful gain to a laser cavity 5 cm long 

40 or less can be achieved without suffering an intolerable amount of parasitic loss. 

An optical fiber laser having a DBR-terminated cavity is described, e.g., inG.A. Ball and W W. Morey, 'Continuously 
tunable single-mode erbium fiber laser', Optics Lett vol. 17 (1 992), 420422. Described therein is a single-mode, stand- 
ing-wave, fiber laser fabricated in germanosilicate fiber doped with erbium to approximately 550 parts per million (ppm). 
Interfering ultraviolet beams were used to write a pair of DBRs spaced 10 cm apart. The resulting laser was reported 

45 to have an optical output power of 100jiW and a slope efficiency of about 0.25%. 

The preamble of claim 1 is based on a neodymium-doped optical fiber laser having a cavity terminated by etched 
gratings which is described in I, M. Jauncey et al., 'Single-iongitudinal-mode operation of an Nd 3+ -doped fibre laser*, 
Electronics Letters, vol. 24, no. 1 , (1988), p. 24-26. This laser has a cavity length of 5.1cm. 

From B.J. Ainslie et al., 'Fabrication and optimisation of the erbium distribution in silica based doped fibres', pro- 

50 ceedings of conference on Optical Communication (ECOC 88), GB (Brighton); September 1988, published by the 
Institution of Electrical Engineers (GB), p. 62-65, it is known to use aluminum as a co-dopant with erbium to coordinate 
the Er 3 * ions in erbium-doped fibers and to confine them to the core. 

Although successful laser operation has been reported in fiber cavities of 10-cm length or more, practitioners in 
the field have hitherto failed to provide a useful fiber laser having a substantially shorter cavity such as a 1 -cm cavity. 

55 Such a laser is desirable because it can potentially offer enhanced mode stability, as discussed above. Such a short- 
cavity laser is also desirable because it can facilitate the incorporation of fiber lasers with semiconductor pump lasers 
in compact packages. Still further, such a laser is desirable because its compact nature reduces its susceptibility to 
temperature fluctuations and mechanical perturbations. 
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Summary of the Invention 

A laser according to the invention is set out in claim 1 . Preferred forms are in the dependent claims. A labrication 
method is set out in claim 9. ^ 
5 We have discovered that successful laser operation can be achieved using an exemplary cavity which is less than 

about 5 cm in length, and even as small as 2 cm, 1 cm, or even shorter. 

Accordingly, the invention in accordance with claim 1, involves a laser which is embodied in a section of optical 
fiber including a core and a cladding. The fiber section includes at least one wavelength-selective reflector which at 
least partially defines an optical resonant cavity, and at least a portion of the core wilhin the cavity is doped with erbium. 
10 The reflector comprises a pattern of refractive-index modulations extending axially within at least a portion of the core. 
In contrast to the prior art, the length of the cavity is 5 cm or less. 

Brief Description of the Drawings 

'5 FIG. 1 is a schematic depiction of an optical fiber laser according to the invention. 

FIG. 2 is a schematic, cross-sectbnal view of an erbium-doped optical fiber for incorporation in the inventive laser, 
in one embodiment. 

FIG. 3 is a schematic, optical diagram of an interfercmetric arrangement which is useful for creating the distributed 
Bragg reflectors (DBRs) of the inventive laser. 
20 FIG. 4 is a schematic depiction of a method for writing or modifying a DBR in the laser of FIG. 1 , with simultaneous 

transmission monitoring. 

FIG. 5 is a schematic depiction of a method for modifying the optical path length within the cavity of the laser of 
FIG. 1, with simultaneous transmission monitoring. 

FIG. 6 is a schematic diagram of an optical wavelength<liviston multiplexer (WDM) source, incorporating plural 
25 fiber lasers of the type illustrated in FIG. 1 . 

FIG. 7 is a schematic diagram of a portion of an optical communication system, incorporating a laser of the type 
illustrated in FIG. 1. 

FIG. 8 is a graph of optical output power versus optical pump power for an exemplary laser made according to the 
invention. 

30 FIG. 9 is a graph of transmissivity versus wavelength for the laser of FIG. 8. 

FIG 10 is a graph of transmissivity versus wavelength for a second, exemplary laser made according to the in- 
vention. 

Detailed Description 

35 ' 

With reference to FIG. 1, in a currently preferred embodiment, the DBRs 10, 20 are formed in the doped fiber 
portion 30. This is advantageous because it helps to minimize the total length of the laser device. However, the DBRs 
are instead, optionally formed in a separate piece of fiber which may, for example, be undoped. Each fiber section 
incorporating a DBR is then readily joined to the main cavity section by a fusion splice 40. 

40 in an exemplary fiber laser made according to the invention, each DBR was formed by an interference pattern 

approximately Gaussian in shape, with a full width at half maximum (FWHM) of about 0.5 cm. The nominal, 1 -cm length 
of the cavity was the center-to-center spacing of the exemplary DBRs. The full length of the optical fiber segment in 
which the cavity was formed was 3 cm. For optical pumping, one end of the laser was optically coupled, via a com- 
mercially available, three-terminal optical coupler, to a 980-nm, semiconductor diode laser. 

^5 The erbium-doped fiber was made by modified chemical vapor deposition (MCVD) on the inside of a 22 mm x 25 

mm natural quartz tube to form, in sequence, the cladding and outer core, followed by partial collapse, deposition of 
the inner core, and collapse to make a preform. The preform was overclad and drawn to form a single-mode optical 
fiber having an outer diameter of 1 25 urn and a core diameter of 2.5 um The techniques used are described, generally, 
in U.S. Patent No. 4,666,247, issued to J.B. MacChesney et al. on May 1 9, 1 987. As described in that patent, a mixture 

50 of chlorine and helium was used to mobilize volatile metal chlorides and carry them into the reaction zone. The reactant 
and carrier flow rates in each stage of the MCVD process are listed in Table 1 . The reaction zone was heated by a 
torch having a transverse velocity of 12 cm/minute. The quartz tube was rotated at 60 rpm. 

The outer cladding was deposited in 9 layers at 1 900°C. The inner cladding was deposited in 2 layers at 1 980°C. 
The outer core was deposited in 6 layers at 1850°C. The quartz tube was then partially collapsed to a 3 mm core 

55 diameter. The inner core was then deposited in one layer at 2000°C. During thai deposition, the erbium source was 
an open-ended fused silica ampoule exposed directly to a flow of helium and aluminum trichloride, and heated to 
930°C. The aluminum trichloride was generated by flowing helium and chlorine through a bed of aluminum shot at 
350°C. (Aluminum trichloride was generated during the growth of both the ouler and inner core regions.) After the inner 
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core was deposited, the quartz tube was completely collapsed in one step, overclad, and drawn. 

With reference to FIG. 2, the resulting fiber had a fluorine-phosphorus-doped, matched index cladding 50, a ger- 
mania-alumina-doped outer core 60, and an alumina-erbium-doped inner core 70. The inner core diameter was about 
0.3 times the total core diameter. We believe that during the fiber draw, diffusion of both erbium and aluminum took 

s place, and thai as a consequence, the outer core also became doped with erbium. Region 75 of the fiber was undoped 
silica, corresponding to the natural quartz substrate tube and the overcladding tube. 

Based on refractive index measurements, we have estimated that the aluminum content created in the inner core 
region of the preform by the above-described technique was about 20%. (Compositions are specified herein as cation- 
%, defined as the molar concentration of the cation being specified, divided by the molar concentration of all cations 

10 in the glass, including, if applicable : Si, Ge, and AL) Optical absorption measurements have indicated that the loss 
attributable to erbium in the core of the fiber at a wavelength of 1530 nm is about 50 dB/m. A uniformly doped core 
would exhibit that loss at an erbium concentration of about 0.25%. However, that value is only a rough estimate, be- 
cause, according to our current belief, the erbium distribution is Gaussian rather than uniform. 

As noted, the DBRs were formed in the doped fiber by exposure to an ultraviolet interference pattern. We have 

is found it advantageous to create the interference pattern using a scanning interferometer ol a design in which the 
translation of a single, translatable mirror can shift the position of the interference pattern along the fiber while preserving 
its registration. As a consequence, the fiber can optionally be kept stationary between the respective exposure steps 
leading to the formation of the first DBR and the formation of the second DBR. An exemplary such interferometer is 
described, e.g., in U.S. Patent No. 4,093,338, issued toG.C. Bjorklund, etal. on June S, 1978. The optical arrangement 

20 of the exemplary interferometer, in one embodiment, is illustrated in FIG. 3. Such optical arrangement includes laser 
source 80, translatable mirror 85, rotatable mirror 120, and mirrors 90, 100, an 110. The interfering beams converge 
on photosensitive medium 130. The interference pattern is shifted along the fiber by translating mirror 85. In general, 
the periodicity of an interference pattern can be changed by adjusting the angle of intersection § of the interfering 
beams. In the exemplary interferometer, this is achieved, without changing the path-length difference between the 

25 interfering 30 beams, by rotating mirror 120. 

According to a preferred method for making the DBRs, the fiber is first clamped into position to assure that the 
regions to be exposed and the intervening cavity portion are straight. The fiber is subjected to an effective exposure 
of ultraviolet radiation. Various appropriate sources of ultraviolet radiation are available and known to those skilled in 
the art. By way of illustration, we have found that an ©xcimer-pumped, frequency doubled, tunable dye laser emitting 

30 at about 240 nm is an appropriate exposure source. We used such a laser to expose the above-described, highly 
erbium-doped, fiber lo 2-mJ pulses at a repetition rate of 20 pulses per second. We used a cylindrical lens to focus 
the laser light into a band about 0.5 cm long and 100 - 200 urn wide. Typical exposures were about 30 seconds in 
duration. The period of the DBRs is exemplarily a constant period of about 0.5 urn. 

We found that the reflectivity of a given DBR tended to increase with exposure time. We found it useful to produce 

35 a DBR having approximately a predetermined reflectivity by monitoring the reflectivity in real time during the ultraviolet 
exposure, and cutting off the exposure when the desired value was reached. 

After the first DBR has been written by ultraviolet exposure, the translatable mirror is translated through a distance 
corresponding to the cavity length (e.g., 1 cm), and a second exposure is performed to write the second DBR. 

Currently preferred reflectivities are about 90% for the DBR which serves as the output coupler, and about 95% 

40 for the DBR which serves as the rear reflector. 

We have found that a DBR formed as described above can readily be modified by subsequent ultraviolet exposure. 
For example, a DBR can be overwritten with an interference pattern having, for example, a different periodicity. More- 
over, the reflectivity of a DBR can be decreased by exposing it to a single (i.e., non-interfering) ultraviolet beam. Such 
reduction can be performed during active monitoring of the transmtssivity of the cavity or the reflectivity of the DBR, in 

45 , order to optimize the performance of a given laser. For example, FIG. 4 shows an arrangement in which the transmission 
of light from source 140 (i.e., a laser, or, preferably, a wider-band source such as an LED) is measured by monitor 150 
while the exposure is made by ultraviolet source 80. 

We have also found that the optical length of the cavity can be finely adjusted by exposing a small cavity portion 
160, between the DBRs, with a single ultraviolet beam. Such a technique is illustrated in FIG. 5. As discussed above, 

50 the laser can be limited to single-mode operation by making the cavity sufficiently short. However, the laser power will 
not be optimized unless the mode coincides with the reflectivity peak of the DBRs. (It should be noted that uselul lasers 
can be made, in which one DBR has a broad peak, and the other DBR has a narrow peak. In such cases, it is the 
narrow DBR which is important in this context.) Ultraviolet exposure (of a photosensitive medium) will produce a local 
increase in the retractive index, resulting in an increase in the total optical length of the cavity. As a consequence, the 

55 cavity modes may be shifted relative to the reflectivity peak. (Similar adjustments could also be made using an exposure 
which decreased, rather than increased, the refractive index.) In order to optimize the performance of the laser, the 
laser output power can be actively monitored while the optical length is adjusted as described. Shown in FIG. 5 is an 
arrangement in which the fiber laser is pumped by laser 170, and the fiber laser output is measured by monitor 150. 
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We have found that by using the above-described method of forming DBRs, we can readily form pairs of DBRs 
which are accurately aligned; i.e., their respective wavelengths of peak reflectivity differ by less than the full width of 
the DBR reflectivity peak, which is typically about 3 A. Such accurate alignment is generally needed in order to optimize 
the performance of the laser. However, the demand for accurate alignment can be relaxed somewhat by making one 

s of the DBRs broader than the other. That is, it is desirable for at least one DBR to have a reflectivity peak width (in the 
spectral region relevant for lasing) of less than about 3 A FWHM. However, a useful laser will result if the other DBR 
has a reflectivity peak which is broader, and even so broad as to effectively contribute no wavelength -selectivity to the 
functioning of the laser. (It should be noted, however, that it is often desirable to use two DBRs having relatively narrow 
peaks in order to assure that the laser will have high gain selectivity.) 

10 We have found that the width of a DBR can be controlled by controlling the duration of the ultraviolet exposure. 

Increasing the duration tends to broaden the reflectivity peak of the DBR. Moreover, for weak DBRs (i.e., DBRs which 
have been formed by exposures of relatively short duration), decreasing the length of the DBR tends to increase the 
peak width. 

We have discovered that the above-described method for making DBRs is highly reproducible. That is. in multiple 

is trials, we have formed DBRs having a single target wavelength of peak reflectivity in ACCUT ETHER 220 fiber, a high- 
index, germanosilicate-core fiber commercially available from AT&T. The peak wavelengths of the resulting DBRs were 
distributed about the target wavelength with a standard deviation of about 2 A. Moreover, we currently believe that 
conventional refinements in our handling techniques will lead to a standard deviatbn of 0.5 A or even less, at least in 
ACCUT ETHER 220 fiber and fibers of similar composition. 

20 We have found that at least soma lasers made by the above-described method produce output which is not only 

single-mode in the spectral sense, but also has a single, well-defined polarization. In particular, we found that lasers 
having cavity lengths of about 1 cm were very likely to have a single mode and a single polarization. 

One useful application of optical fiber lasers is in a wavelength-division-multiplexed (WDM) source. A WDM source 
is a source ot electromagnetic radiation of multiple wavelengths, which can be optically coupled into a single optical 

25 fiber. Typically, a corresponding multiplicity of single-wavelength lasers is provided, each producing one of the respec- 
tive wavelengths. A wavelength-division multiplexer (WDM) is used to couple the multiple lasers into the single fiber. 
Because the DBRs of the inventive laser are highly reproducible, and as a consequence can be economically manu- 
factured to meet close tolerances, the inventive laser provides a useful single-wavelength light source for use in a 
WDM source having narrow or closely spaced channels. 

30 Wavelength-division multiplexers which are useful for this purpose are known in the art. For example, WDMs which 

can be fabricated on a silicon substrate are described in C. Dragone, "An N x N Optical Multiplexer Using a Planar 
Arrangement of Two Star Couplers B : IEEE Photon. Tech. Lett. 3 (1991) 812 - 815, and C. Dragone : et aL, "Integrated 
Optics N x N Multiplexer on Silicon", IEEE Photon. Tech. Lett. 3 (1991) 896 - 899. 

With reference to FIG. 6, a uselul WDM source may include, for example, eight individual, single-wavelength, fiber 

35 lasers 1B0, each optically coupled to a feeder fiber 185 which is coupled by a WDM 1 90 to a single output fiber 200. 
An optical modulator 210, e.g. a lithium niobate modulator, is provided to modulate the output from each of the fiber 
lasers. Incorporated in each of the feeder fibers is a fiber amplifier 220 for amplifying the output from the fiber laser. 
Alternatively, fiber amplifiers 220 may be replaced by a single amplifier situated downline from WDM 190. 

According to our current belief, such a WDM source is capable of providing, e.g., eight communication channels 

40 having a center-to-center separation as small as about 5 A and a channel width of about 2 A or less. 

With reference to FIG. 7, another useful application of the inventive laser is in an optical communication system. 
Such a system includes a pump laser 230 optically coupled, via a WDM 240, to a fiber laser 250. The pump laser is 
exemplarily a semiconductor diode laser emitting at 980 nm or 1480 nm. In response, the fiber laser emits radiation 
at, e.g., 1550 nm. The emitted laser radiation then passes through a fiber amplifier 260, such as an erbium-doped 

45 amplifier. 

Example I 

An optical fiber laser was made substantially as described above. Two DBRs were written in a 3-cm length of 
50 erbium-doped fiber made as described above. The center-to-center spacing of the gratings was 1 cm. The laser was 
pumped by a 980-nm, semiconductor diode laser optically coupled to the fiber laser through a three-terminal wave- 
length-selective coupler. 

Shown in FIG. 8 is a graph of the output optical power versus the optical pump power of thB laser. The fiber laser 
produced an output optical power of about 50 uW at a pump power of about 24 mW, and exhibited a slope efficiency 
55 of about 0.25%. The projected peak output power was greater than 100 jiW. The input optical threshold was about 4.4 
mW. 

Shown in FIG. 9 is the combined transmission profile of the two DBRs. A composite peak is evident in the figure 
because each of the two DBRs was formed by multiple ultraviolet exposures. 
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We have observed relaxation oscillations in fiber lasers made by the above-described method with cavity lengths 
ranging from 1 cm to 8 cm. We currently believe that these oscillations may be reduced or eliminated by using improved 
manutacturing techniques to reduce the density of defects in the erbium-doped fiber. 

5 Example II 

An optical fiber laser was made substantially as described above, but with approximately a 2-cm center-to-center 
separation between the DBRs. Each of the DBRs was written with a single ultraviolet exposure. The combined trans- 
mission profile of the two DBRs is shown in FIG. 10. As is apparent in the figure, the combined peak width was about 
10 2.5 A. 



Table 1 



Reactant 


Outer Cladding 


Inner Cladding 


Outer Core 


Inner Core 


SiCI 4 (g/min.) 


5.6 


5.6 


0.6 


0.15 


GeCI 4 (g/min.) 


0 


0 


0.8 


0 


POCI 3 (g/min.) 


0.08 


0 


0 


0 


Freon 12 (cm 3 /rnin.) 


22 


60 


0^ 


0 


Cl 2 (cm 3 /min.) 


0 


15 


1.5 


45 


0 2 (cm 3 /min.) 


1800 


1800 


1800 


600 


He (cm 3 /min.) 


600 


600 


300 


300 


Temperature 


1900°C 


1980°C 


1850 a C 


2000°C 



25 Claims 

1. A laser comprising a section of optical fiber including a core (60, 70) and a cladding (50), wherein; 

the fiber section includes at least one wavelength-selective reflector (10, 20) in the form of a grating which at 
30 least partially defines an optical resonant cavity; 

at least a portion of the core within the cavity includes a rare-earth dopant; 

associated with the reflector is a wavelength of peak reflectivity that coincides, at least approximately, with an 
emissive wavelength of ions of said rare earth dopant; 
associated with the cavity is an optical path length; and 
35 associated with the optical path length is a resonant optical wavelength, 

CHARACTERIZED IN THAT 

the reflector comprises a pattern of photoinduced refractive-index modulations extending axially within at least 
40 a portion of the fiber core; 

the rare earth dopant is erbium; 

the erbium-doped portion of the core also includes aluminum; and 
the length of the optical resonant cavity is less than 5cm. 

45 2. The laser of claim 1 , wherein the length of the optical resonant cavity is about 2cm or less. 

3. The laser of claim 1 , wherein the length ot the optical resonant cavity is about 1cm or less. 

4. The laser of any of the preceding claims wherein: 

so 

the fiber core comprises at least one region (160), to be referred to as the "index-modifed region", which is 
situated within the cavity and has an average refractive index which is different from that of at least one adjacent 
core region within the cavity; and 

the average refractive index of the index-modified region is adapted such that the resulting optical path length 
55 of the cavity has a resonant wavelength which approximately coincides with the wavelength of peak reflectivity. 

5. The laser of any of the preceding claims ( wherein the rare-earth-doped cavity portion is doped with a concentration 
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of erbium sufficient to produce an output power of about 50u,W of laser light or more from an identically doped 
laser cavity 1cm long pumped with an optical input power of about 24mW. 

6. The laser of any of the preceding claims, further comprising a semiconductor diode laser optically coupled to the 
5 fiber section for optically pumping the rare-earth-doped cavity portion. 

7. An optical communication system which comprises: 

a first laser as claimed in any of the preceding claims; 
10 at least one second laser which comprises a section of optical fiber and is capable of emitting electromagnetic 

radiation at a second resonant optical wavelength different from the resonant optical wavelength of the first 
laser; 

an optical fiber for signal transmission; and 

means for optically coupling the first and second lasers to the transmission fiber. 

15 

8. The system of claim 7, further comprising at least first and second means for modulating electromagnetic radiation 
emitted by the first and second lasers, respectively, each said modulating means situated intermediate the corre- 
sponding optical coupling means and a corresponding one of said first and second lasers. 

20 g. A method for manufacturing a laser, comprising the steps of: 

providing a length of optical fiber having a rare -earth -doped, photosensitive core; 

exposing a first section of the optical fiber core to a stationary inteference pattern formed by intersecting beams 
of electromagnetic radiation of a wavelength capable of altering the refractive index of the core, such that a 
25 repetitive pattern of refractive index modulations is formed in the first section; 

substantially without moving the length of optical fiber, shifting the interference pattern axially relative to the 
length of optical fiber, such that a second core section physically displaced from the first core section can be 
exposed to the interference pattern; and 

exposing the second core section to the interference pattern, such that a repetitive pattern of refractive index 
30 modulations is formed in the second section; 

CHARACTERIZED IN THAT the method further comprises the steps of: 

optically pumping the length of optical fiber such that laser radiation is emitted through the first or second core 
35 section; 

measuring the intensity of the emitted laser radiation; 

comparing the measured intensity to a predetermined threshold value; and 

if the measured intensity is less than the threshold value, optically pumping the length of optical fiber such 
that laser radiation is emitted through the first or second core section; monitoring the intensity of the emitted 
40 laser radiation; and while pumping and monitoring, exposing a third core section, intermediate the first and 

second core sections, to refractive-index- altering radiation for sufficient duration to raise the emitted intensity 
being monitored to at least the threshold value. 



45 Patentanspruche 

1. Laser mit einem Abschnitt einer optischen Faser welche einen Kern (60, 70) und eine Ummantelung (50) umfaGt, 
wobei: 

so der Faserabschnilt wenigstens einen wellenlangenselektiven Reflektor (10, 20) in der Form eines Gitters ent- 

haft, der wenigstens teilweise eine optische resonante Kavitat definiert, 

wobei wenigstens ein Abschnitt des Kerns innerhalb der Kavitat einen Seltenen-Erden-Dotierstoff enthalt, 
wobei dem Reflektor eine Wellenlange mit einem Spitzenwert des Reflexionsvermogens zugeordnet ist, die 
wenigstens ungefahr mil einer Emissionswellenlange der lonen des Seltenen-Erden-Dotierstoffs uberein- 
55 stimmt, 

der Kavitat eine optische Weglange zugeordnet ist und 

der optischen Weglange eine resonante optische Wellenlange zugordnet ist, 
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dadurch gekennzeichnet, daB 

der Rellektor ein Muster von sich axial innerhalb wenigstens eines Abschnittes des Faserkerns erstreckenden 

photoinduzierten Brechungsindexmodufetionen umfaBt; 

der Seltenen- Erden-Dotierstoff Erbium umfaBt, 

der Erbium-dotierte Abschnitt des Kerns auch Aluminium enthalt und 

die Lange der optischen resonanten Kavitat kleiner als 5 cm ist. 

Laser nach Anspruch 1 , bei welchem die Lange der oplischen resonanten Kavilat ungefahr 2 cm Oder weniger 
betragt 

Laser nach Anspruch 1 , bei welchem die Lange der optischen resonanten Kavitat ungelahr 1 cm Oder weniger 
betragt 

Laser nach einem der vorstehenden Anspruche, bei welchem: 

der optische Faserkern wengistens einen als "Bereich mit geandertem Brechungsindex" bezeichneten Bereich 
(160} umfaBt, welcher innerhalb der Kavitat liegt und einen mittleren Brechungs index aufweist, der wenigstens 
von einem benachbarten Kembereich innerhalb der Kavitat verschieden ist, und 

der mittlere Brechungsindex des Bereichs mit geandertem Brechungsindex derart angepaBt ist, daB die re- 
sultierende optische Weglange der Kavitat eine resonante Wellenlange umfaBt die ungefahr mit der Wellen- 
lange des Spitzenwertes des Reflex ionsvermogens ubereinstimmt 

Laser nach einem der vorstehenden Anspruche, bei welchem der Seltene Erden-dotierte Kavitatsabschnitt rnrt 
einer ausreichenden Konzentration von Erbium dotiert ist, urn eine Ausgangsleistung von etwa 50 u.W Laserlicht 
oder mehr aus einer identisch dotierten 1 cm langen und mit einer optischen Eingangsleistung von etwa 24 mW 
gepumpten Laserkavitat zu erzeugen. 

Laser nach einem der vorstehenden Anspruche, welcher lerner einen optisch an den Faserabschnitt gekoppelten 
Hal bleiterdbden laser umfaBt, urn den Seltenen Erden -dotierten Kavitatsabschnitt optisch zu pumpen. 

Optisches Kommunikattonssystem, welches umfaBt: 

einen ersten Laser nach einem der vorstehenden Anspruche; 

wenigstens einen zweiten Laser, welcher einen Abschnitt einer optischen Faser umfaBt, und fahig ist, elek- 
tromagnetische Strahlung bei einer zweiten resonanten optischen Wellenlange auszustrahlen, die von der 
resonanten optischen Wellenlange des ersten Lasers verschieden ist; 
eine optische Faser zur Signalubertragung; und 

eine Einrichtung zum optischen Koppeln des ersten und zweiten Lasers in die Ubertragungsfaser. 

System nach Anspruch 7, welches temer wenigstens eine erste und eine zweite Einrichtung zum Modulieren der 
jeweils durch den ersten und/oder den zweiten Laser ausgesendeten elektromagnetischen Strahlung umfasst, 
wobeijede Modulationseinrichtungzwischen derentsprechenden Kopplungseinrichtung unddem entsprechenden 
ersten oder zweiten Laser liegt. 

Verfahren zur Herstellung eines Lasers, welches die Schritte umfaBt: 

Bereitstellen eines Abschnitts einer optischen Faser mit einem Seltenen Erden -dotierten photoempfindlichen 
Kern; 

Aussetzten eines ersten Abschnitts des optischen Faserkerns einem festen Interferenzmuster, das durch 
Uberkreuzen von Strahlen elektromagnetischer Strahlung mit einer Wellenlange gebildet wird, die es gestattet, 
den Brechnungsindex des Kerns derart zu andem, daB ein sich wiederholendes Muster von Brechungsindex- 
modulationen im ersten Abschnitt gebildet wird; 

axiaies Verschieben des Interferenzmusters relativ zum Abschnitt der optischen Faser ohne den Abschnitt 
der optischen Faser wesentlich zu verschieben, derart, daB ein zweiter Kernabschnitt, der zum ersten Kern- 
abschnitt physikalisch versetzt ist, dem Interferenzmuster ausgesetzt werden kann; und 
Aussetzen des zweiten Kernabschnitts einem Interferenz muster, derart, daB ein sich wiederholendes Muster 
von Brechnungsindexmodulationen in dem zweiten Abschnitt gebildet wird; 
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dadurch gekennzeichnet, da8 das Verfahren ferner die Schritte umfaGt: 

oplisches Pumpen des Abschnitts der optischen Faser, derart, daft Laser si rah lung durch den ersten Oder 
zweiten Kemabschnitt ausgestrahlt wird; 
5 Messen dor Intensitat der ausgesendeten Laserstrahlung; Vergleichen der gomessenen Intensitat mit einem 

vorbestimmten Schwellenwert; und 

falls die gemessene Intensitat kleiner als der Schwellenwert ist, optisches Pumpen des Abschnitts der opti- 
schen Faser derart daB Laserstrahlung durch den ersten Oder zweiten Kemabschnitt ausgestrahlt wird; 
Uberwachen der Intensitat der ausgesendeten Laserstrahlung; und Aussetzen eines dritten Kernabschnittes 
10 zwischen dem ersten und zweiten Kemabschnitt einer brechungsindexandernden Strahlung wahrend des 

Pumpens und Uberwachens fur eine ausreichende Zeitdauer um die ausgestrahtte, Oberwachte Intensitat 
wenigstens auf den Schwellenwert anzuheben. 



Revendicatione 



1. Laser comprenant une section de fibre optique comportant un coeur (60, 70) et une gaine (50), dans lequel : 

la section de fibre comprend au moins un reflecteur a selectivity de longueur d'onde (10, 20) sous la forme 
20 d'un reseau qui definit au moins partiellement une cavite resonnante optique; 

au moins une partie du coeur a I'interieur de la cavit6 contient un dopant consistant en une terre rare; 

le reflecteur est associe a une longueur d'onde de reflectivite maximale qui coincide, au moins approximati- 

vement, avec une longueur d'onde cremission d'ions du dopant consistant en une terre rare; 

une longueur de c hem in optique est associee a la cavite; et 
25 une longueur d'onde optique resonnante est associee a la longueur de chemin optique, 



CARACTERISE EN CE QUE 



le reflecteur comprend un motif de modulations d'indice de refraction photo-induites, s'etendant axialement 
30 dans au moins une partie du coeur de la fibre; 

le dopant consistant en une terre rare est de Terbium; 

!a partie du coeur dopee a Terbium contient egalement de I'aluminium; et 

la longueur de la cavite resonnante optique est inferieure a 5 cm. 

35 2. Laser suivant la revendication 1, dans lequel la longueur de la cavite" resonnante optique est d'environ 2 cm ou 
moins. 

3. Laser suivant la revendication 1, dans lequel la longueur de la cavite resonnante optique est d'environ 1 cm ou 
moins. 

40 

4. Laser suivant Tune quelconque des revendications precedentes, dans lequel : 



le coeur de la fibre comprend au moins une region (160), que Ton appelle la "region a indice modine", qui est 
situee a TintSrieur de la cavite" et qui a un indice de refraction moyen qui est different de celui d'au moins une 
45 region de coeur adjacente a I'interieur de la cavite; et 

Tindice de refraction moyen de la region a indice modifie est adapte de facon que la longueur de chemin 
optique resultante de la cavite ait une longueur d'onde resonnante qui coincide approximativement avec la 
longueur d'onde de reflectivite maximale. 



50 5. Laser suivant Tune quelconque des revendications precedentes, dans leque! la partie de cavite dopee avec une 
terre rare est dopee avec une concentration d'erbium suffisante pour produire une puissance de sortie de lumiere 
laser d'environ 50 \x\N ou plus, a partir d'une cavite laser dopee de facon identique, de 1 cm de longueur, pompee 
avec une puissance d'entrde optique d'environ 24 mW. 

55 6. Laser suivant I'une quelconque des revendications precedentes, comprenant en outre un laser a diode a serni- 
conducteurs en couplage optique avec la section de fibre pour effectuer un pompage optique de la partie de cavite 
dopee avec une terre rare. 
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Systeme de communication optique qui comprend : 

un premier laser tel que revendique dans I'une quelconque des revendications precedentes; 

au moins un second laser qui comprend une section de fibre optique et qui est capable d'emettre un rayon- 

nement electromagnetique a une seconde longueur d'onde optique rdsonnante, differente de la longueur d'on- 

de optique resonnante du premier laser, 

une fibre optique pour la transmission de signal; et 

des moyens pour placer les premier et second lasers en couplage optique avec la fibre de transmission. 

Systeme suivant la revendication 7, comprenant en outre au moins des premiers et seconds moyens pour modular 
un rayon n em ent 6lectromagn6tique emis respect ivement par les premier et second lasers, chacun de ces moyens 
de modulation se trouvant entre les moyens de couplage optique correspondants et Tun correspondent des premier 
et second lasers. 

Procede do fabrication d'un laser, comprenant les etapes suivantes : 

on fournit une longueur de fibre optique ayant un coeur photosensible dope avec une terre rare; 
on expose une premiere section du coeur de la fibre optique a un motif d'interfe>ences fixe forme par des 
faisceaux de rayonnement electromagnetique qui se coupent, ayant une longueur d'onde capable de modifier 
I'indice de refraction du coeur, de facon a former dans la premiere section un motif repetitif de modulations 
d'indice de refraction; 

en ne deplacant sensiblement pas la longueur de fibre optique, on deplace axialement le motif d' interferences 
par rapport a la longueur de fibre optique, de facon a pouvoir exposer au motif dlinterferences une seconde 
section de coeur, deplace e physiquement par rapport a la premiere section de coeur; et 
on expose la seconde section de coeur au motit d'interferences, de facon a former dans la seconde section 
un motif repetitif de modulations d'indice de refraction; 

CARACTERISE EN CE QUE le procede comprend en outre les etapes suivantes : 

on effectue un pompage optique de la longueur de fibre optique, de facon qu'un rayonnement laser soit emis 

a travers la premiere ou la seconde section de coeur; 

on mesure I'intensite du rayonnement laser £mis; 

on compare I'intensite mesuree a une valeur de seuit pred^terminee; et 

si fintensite mesuree est infeneure a la valeur de seuil, on effectue un pompage optique de la longueur de 
fibre optique de facon qu'un rayonnement laser soit emis a travers la premiere ou la seconde section de coeur; 
on controle I'intensite du rayonnement laser emis; et pendant le pompage et le controle, on expose une troi- 
sieme section de coeur, se trouvant entre les premiere et seconde sections de coeur, a un rayonnement de 
modification d'indice de refraction, pendant une duree suffisante pour augmenter I'intensite emise, qui est 
controlee, pour qu'eile atteigne au moins la valeur de seuil. 
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